Black microcolonial fungi and black yeasts are inhabitants of extreme environments like vulcanic, desert and polar regions, where they are exposed to enhanced temperature alterations and desiccation. They have developed, therefore, extraordinary biologic characteristics which are mainly based on the expression of proteins, however, these are rarely studied and known. The review article presented here is focused on the obstacles and solutions for the proteomic analyses of this very particular fungal species.
INTRODUCTION
Black micro-colonial fungi (MCF) and black yeasts are the most successful inhabitants of bare rock on the surfaces and inside of rock in desert-like regions [1] as well as ubiquitous dwellers of rock in other climatic zones [2] [3] [4] [5] . Generally they exhibit high tolerance to stress and climate changes [6] . The cell composition of the MCFs consists majorly of lipids (e.g. mono-, di-and triacylglycerols, phosphotidilcholine, phosphatidylethanolamines, sterols, sterol ethers, phosphatidilrthanolamines, and free fatty acids) and pigments (e.g. melanins, carotenoids in colorless and brown-red formations) and a very complex and dense cell wall made of chitin, melanin and polysaccharides [7] . The cell wall is also the main obstacle in protein extraction from fungal biomass. Biologically, however, all the components are involved in a machinery, which enable the MCFs to be the most resistant eukaryotic organism on the Earth in an extremely stressful climate like deserts, volcanos or polar environments as well as in radioactive areas [8, 9] . Experiments showed that theses terrestrial organisms are even capable of surviving the severe and hostile conditions in outer space over extended periods of time [10] . Some of these features might also be responsible for the human pathogenicity of some black yeasts like e.g. Exophiala dermatitidis.
The extreme stress tolerance of MCFs, however, is a virgin field of research. Except knowledge about their phenotypes, very slow growth rate and a complex structural composition, there are still very rare proteomic approaches generated about the system biology of black MCF [11, 12] . The major challenge is to understand the expression, function/regulation of the entire set of genes/ proteins encoded by fungal genomes. Up to now full genomic sequences of only two strains of black fungi-Exophiala dermatitidis and Coniosporium apollinis-were done and are available in international databases (http://www.broad.mit.edu). The genomic data about MCFs are relatively rare because DNA extraction and purification for Next Generation Sequencing approaches has several obstacles. As mentioned above this is mainly the rigid cell wall and the high melanin content. Sequencing of further strains, however, is in progress. As compared to functional genomics approaches by transcriptome analysis (e.g. by microarrays), while a proteomics approach is more direct, transcriptomics investigates the all over change of gene expression at mRNA level. Proteomics leads to more reliable conclusions, since proteins are directly related to biological functions and phenotypes [13] .
The lack of proteomic and genomic data for MCFs indeed indicates major analytical and methodological challenges and therefore there are only a few reports on the proteomic stress response of MCFs to different environmental factors [11, 12] . The main bottleneck, however, is the sample preparation prior to analysis which is going far beyond the routine efforts.
SAMPLE PREPARATION

Sample Homogenisation
The fungus cell disruption is performed using different approaches by mechanical or enzymatic methodologies [14] . Since black fungi possess extraordinary rigid cell walls, the effective cell disruption is a crucial step for proteomic studies. The MCFs must be cultivated on a solid media or rigid background like cellulose sheets and the collection of the sample is, therefore, laborious and time consuming (Figure 1) .
Mechanical cell disruption using glass beads in beating mills is, therefore, a preferred approach [15] [16] [17] [18] [19] . The mill can be also thermostatised at 4˚C avoiding increased temperatures by heat generation and protein lysis due to intracellular proteases or denaturation. The milling can be also performed using mortar and pestle with liquid nitrogen [20] . Freeze drying can be also used as a disruptor before the milling procedure.
In this frame, the mechanical cell disruption can be combined with different homogenization buffers to enhance the disintegration of cell walls and inhibition of proteases activity [14] . Different concentrations of urea (7 -9 M) in combination with 2 M thiourea are used as a strong chaotropic to re-solubilize the proteins in filamentous fungi [21] . Note that 7 M urea is a saturated solution and any concentrations above this value enter the oversaturation level, which means that the buffer is only in liquid form at room temperature or higher. The ignoring of the saturation limit will end up in crystallization and drying of IPG-strips during the in-gel rehydration. Thiourea can also interfere with different protein determination procedures later on. Tris or phosphate buffers at 10 -30 mM were used to keep the pH constant and/or to be compatible with DIGE-labeling [22] . Further, the addition of NaOH at 0.1 -1 M can enhance the protein solubility and destabilize the cell wall tremendously [23] . As a non-ionic detergent CHAPS is used at the concentrations of 1% -4%. It is recommendable to try different concentrations of CHAPS for the most desirable protein yield, which is to be optimized case to case [14] . DTT and ß-mercaptoethal were used as reducing agents in the homogenization buffer [24, 25] . They reduce the disulfide bonds and enhance the protein solubility. Even ampholytes at a concentration of 0.5% to 0.8% are used for increased protein solubility, however it must be taken into consideration for the focusing procedure [26] . Proteases inhibitor cocktails or PMSF are added to the homogenization buffer to deactivate the strong fungal proteases and lysis of the proteins [10] . Addition of proteases inhibitors can potentially disturb the iso-electric focusing and can be skipped carefully if urea and/or thiourea are available in the homogenization buffer or the procedure is performed at 4˚C.
Enzymatic and chemical cell wall lysis was also used with less success for fungi samples [14] . Taken into consideration that black MCF are characterized by a more robust cell wall than filamentous fungi types, the solubilization of their proteins remain the main challenge for proteomic analyses. Therefore the selection of an appropriate method can enhance the initial protein amounts and must be optimized for each species.
Protein Enrichment
An optimal proteomic analyses needs 1 -5 µg/µL of soluble proteins. The most popular strategy for protein enrichment remains precipitation using organic solvents like TCA or phenol. Several approaches are described and optimized by different researchers; however there are still no general protocols available to extract proteins from any given sample [27] . The combination of TCA and acetone is reported as effective and easy for precipitation of fungal proteins [28, 29] . Other strategies like 100 mM ammonium acetate in methanol were described also for fungal tissues [21] . However, TCA precipitation can disturb the iso-electric focusing even after multiple washing cycles using 80% acetone. The re-solubilization of protein pellet is significantly reduced after acidic precipitation, which affects the final protein yield. To avoid this problem the pellet must be dried very fast (1 -2 minutes) before re-solubilization [14] . The main obstacles in protein extraction from black fungi are the high complexity of fungi matrices containing melanins, pigments, polysaccharides, chitin and lipids. Further, the fungal protein solubility is rather low and tends towards spontaneous precipitation. Both factors caused very low protein yield and high content of sample impurities which contain mainly melanins and various dark colored pigments interfering with protein determination and separation.
This might be also the reason for the lack of even one single proteomic study with black MCF or even with black yeasts [11] . The troubles caused by impurities could be overcome using different precipitation strategies for 2DE analysis [12] . However, the extracted amounts of the proteins were limited and could be first visualized by silver staining.
In order to increase the yield of the protein during extraction and precipitation different strategies and additives were needed ( Table 1) . A TCA/aceton/phenolbased precipitation protocol helped to separate the colored impurities from the protein extract before main protein extraction and precipitation. The protein pellet must then be re-solubilized by shaking with urea/thiourea for several hours. However, the yield of protein remained nearly the same, even by increased amounts of initial biomass. Since black MCFs are inhabitants of dry environments they comprise a protein repertory which is biologically active in water-free structures. This very unique characteristic implicates high abundance of less water-soluble proteins, which are susceptible to irreversible precipitation. It seems that the soluble proteins were at their solubility limits, so that their amount and concentrations could not be increased without the risk of a reprecipitation.
To increase the protein yield the addition of 2% SDS can be used during the homogenization before precipitation. As a second strategy NaOH was added to homogenization buffer during the milling of biomass. Both strategies could enhance the protein solubility signifi- cantly. It seems that NaOH can disintegrate the cell membranes more effectively than other additives; however, the time of incubation must keep as short as possible avoiding protein degradation. Both additives will be separated from the proteins by the phenolic extraction, so that they cannot disturb the process of iso-electric focusing or interfere with LC-MS.
PROTEIN SEPARATION
Gel-Based and Gel-Free Separation Techniques
Three main technologies are applied to resolve the fungal proteome. The first and the most powerful is the two-dimensional electrophoresis, which seems to be also the method of choice for the separation and visualisation of proteins from black MCF and black yeasts. The methodology shows its power to separate a high number of proteins and visualize the alteration of protein patterns [11, 12, 30 , Figure 2] . One-dimensional electrophoresis has been used in combination with mass spectrometry and despite its simplicity for the separation of the fungal proteome, leading to the discovery of novel proteins like malate dehydrogenase and peptydil prolyl cis-trtans isomerase [31, 32] However, SDS-PAGE remains a qualitative methodology and the separation of the proteins in the bands is limited, resulting in a heterogenous band containig different proteins of identical molecular weight.
The gel-free LC-MS-based methodologies are still rarely used. Isobaric tag for relative and absolute quatita-3 pl 10
Figure 2. 2DE gel of an Exophiala dermatitis grown at optimal temperature of 37˚C and extracted with homogenisation buffer containing 2% SDS and 0,2M NaOH. The proteins are focussed using Immobiline gel strips in pI range of 3 -10 obtained from GE-Healthcare. The second dimension is performed in 10% polyacrylamide gel and stained by mass spectrometry compatible silver staining.
tion (iTRAQ) in combination with MALDI-TOF/TOF MS was reported for the analysis of plasmamembrane ancored proteins in filamentous fungi, [33, 34] . The application of gel-free techniques seems to enhance the efficient sepaparation and sensitivity of protein identification. However, gel-free protein separation approaches are still not conducted and implemented for black microclonial fungi. It seems that differential gel electrophoresis (DIGE) and LC-Based approaches iTRAQ are also bottlenecked by the sample preparation and protein yields. The main challenge herein remains the soluble protein contents in an appropriate buffer, which is compatible with the separation technique. Although, all the methodologies shows high potentials, their successful application is, therefore, still very limited.
Data Analysis and Bioinformatics
Proteomic analysis is exceptional for its capability of data generation. Even a simple 2D-gel provides information for at least some hundreds of proteins. Therefore, data analysis and implementation of bioinformatics gain a central role for the interpretation of obtained data.
The data generated in the field of black microclonial fungi and black yeasts are still rare. The lack of genomic sequence data makes the protein identification to an odyssee of homology searches in several available proteomic data bases like UniProt (http://www.uniprot.org), for plant pathogenic fungi Munich Information Center of Protein Sequence MIPS (http://www.helmholtz-muenchen.de/en/ibis), the Sanger Institute Fungal Sequencing (http://sanger.ac.uk/Projects/Fungi/), Central Aspergillus Database Repository (CADRE, http://www.cadre-genomes.org.uk/) and FungalGenome (http://fungalgenomes.org/).
The more universal databases, however, gain on importance for the homology searches. These are to find at World-2DPAGE Repository from ExPASy (http://world-2dpage.expasy.org/repository/), Proteomic IDEntifications database (PRIDE, www.ebi.ac.uk/pride/) and MASCOT (http://www.matrixscience.com). Despite of large depositories, huge amounts of data and publications, the available informations in the databases are infected with erroneous results, low-confidence protein identification and insufficient statistical evaluation [35] . HUPO Proteomic standard Initiative tries to bypass the disharmonies in experimental design and data generation by the guidance modules [36] .
In the example of black microclonial fungi and the black yeasts, however, we must still wait for the completion of genomic sequence data by the novel technology of the next generation sequencing and annotations, which allow functional exploration of the protein expression of these unknown biological entities.
CONCLUSIONS
The technological developments and construction of huge proteomics databases allow the exploration of system biologic processes and protein composition in various fungal species. However, the proteomics of black microcolonial fungi are still in the beginning due to limitations caused by the nature of species and protein solubility. Conventional approaches to extract the protein failed to enrich the protein even if the amounts of biomass was increased 2-to 3-fold. The ambitious and challenging issue could be bypassed by rigorous intervenetions like over average basic millieu and the use of SDS. The separation technologies are now capable of analysing the samples and extracts are compatible to different micro-technologies.
Updates in genomic seqencing methodologies and techniques empower biology to obtain full genomic sequence in less than two months. The main challenge will be then the functional annotation of the gene sequences and to extract the available data in the databases from erroneous information and weak data.
At the time being, the road is paved and open for conclusive experiments at physiologic as well as stress-tolerance biology. The future will show how MCFs cope with extreme environments and are able to maintain their survival and growth.
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